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Itraconazole suppresses the growth
of glioblastoma through induction of autophagy
Involvement of abnormal cholesterol trafficking
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Glioblastoma is one of the most aggressive human cancers with poor prognosis, and therefore a critical need exists
for novel therapeutic strategies for management of glioblastoma patients. Itraconazole, a traditional antifungal drug,
has been identified as a novel potential anticancer agent due to its inhibitory effects on cell proliferation and tumor
angiogenesis; however, the molecular mechanisms involved are still unclear. Here, we show that itraconazole inhibits the
proliferation of glioblastoma cells both in vitro and in vivo. Notably, we demonstrate that treatment with itraconazole
induces autophagic progression in glioblastoma cells, while blockage of autophagy markedly reverses the antiproliferative
activities of itraconazole, suggesting an antitumor effect of autophagy in response to itraconazole treatment. Functional
studies revealed that itraconazole retarded the trafficking of cholesterol from late endosomes and lysosomes to the
plasma membrane by reducing the levels of SCP2, resulting in repression of AKT1-MTOR signaling, induction of autophagy,
and finally inhibition of cell proliferation. Together, our studies provide new insights into the molecular mechanisms
regarding the antitumor activities of itraconazole, and may further assist both the pharmacological investigation and
rational use of itraconazole in potential clinical applications.

Introduction rapidly without obvious clinical or histological signs of pre-

malignant lesions.* Therefore, although multimodal treatment

Glioblastoma is one of the most common cancers of the
central nervous system, comprising approximately 25% of all
brain tumors in adults."? Glioblastoma is characterized by diffuse
infileration into the brain parenchyma, robust angiogenesis,
and poor response to treatment with conventional radiation
and chemotherapy.> Moreover, most cases of glioblastomas are
characterized as primary (de novo) glioblastomas, which develop
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(typically including surgical resection, radiotherapy, and
chemotherapy) is widely used in the clinic, the average survival
time remains about approximately one year, highlighting the
urgent need for more effective therapeutic strategies.’
Itraconazole, an orally bioavailable and traditional broad-
spectrum antifungal drug, is widely used for the management
of fungal diseases.® Recently, a small but increasing number
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of studies have documented that treatment with itraconazole
limited tumor growth in both non-small cell lung cancer
and medulloblastoma in animal models.”® Such anticancer
properties of itraconazole are attributed to its inhibitory effect on
endothelial cell proliferation and matrigel-mediated angiogenesis
by repressing lanosterol 14-ademethylase and sterol biosynthesis.’
In addition, itraconazole treatment could inhibit MTOR
(mechanistic target of rapamycin) activation by disrupting
intracellular cholesterol trafficking and disordering subcellular
cholesterol distribution, leading to cell cycle arrest in endothelial

10 However,

cells. the underlying mechanisms by which
itraconazole inhibits tumor growth remain largely unknown.

Autophagy is a highly regulated response to cellular stress.!
During autophagy, portions of the cytoplasm and intracellular
organelles are sequestered into characteristic double- or muldi-
membrane autophagosomes which then fuse with lysosomes to form
autolysosomes where degradation occurs.”? Autophagy has been
observed in a range of cancer cell types challenged with various
anticancer therapies,”>" most of which involve the inhibition of the
AKTT1 (v-akt murine thymoma viral oncogene homolog 1)-MTOR
axis, a pivotal checkpoint that negatively regulates autophagy.'®
Depending on different cellular conditions and distinct cancer
subtypes, the consequences of autophagy activation can vary
significantly in response to chemotherapeutic agents, which can
contextually enhance or weaken the drug efficacy.” On the one
hand, autophagy can enable cell survival by maintaining energy
production through the recycling mechanism in response to
adverse stress, which can lead to tumor dormancy and therapeutic
resistance.”® Accumulating numbers of preclinical studies have
demonstrated that inhibition of prosurvival autophagy by genetic or
pharmacological intervention can further potentiate chemosensitivity
and enhance tumor cell death than by chemotherapy alone.'®"” On
the other hand, autophagy also can act to suppress the initiation of
tumor growth and induce cell death independent of; or in parallel
to, apoptosis and necrosis in certain cellular contexts.?® Therefore,
understanding the roles of autophagy and the regulated signaling
pathways involved in cancer treatment is critical, and will provide
new opportunities for therapeutic advantage.

In the current study, the biological effects of itraconazole
on glioblastoma were investigated using both in vitro and in
vivo models. We found that itraconazole inhibits proliferation
of glioblastoma cells by inducing autophagy. Itraconazole-
induced autophagy is mediated by abnormal cellular cholesterol
redistribution and subsequent inhibition of the AKT1-MTOR
signaling pathway. These results will lead to new insights into
the antiproliferative properties of itraconazole, and provide the
groundwork for the potential application of itraconazole in
anticancer therapy.

Results

Itraconazole inhibits proliferation of glioblastoma tumor
cells
To examine the effect of itraconazole on glioblastoma growth,

the 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
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bromide (MTT) assay was performed to measure the cell
proliferation rates of U87 and C6 cells following treatment with
different concentrations of itraconazole. As shown in Figure 1A,
cell viability decreased in a dose-dependent manner in both
cell lines. Furthermore, the long-term effects of itraconazole on
cell survival were determined using a colony formation assay.
The results showed that itraconazole significantly suppressed
cell proliferation, as indicated by the decreased number of cell
colonies in the itraconazole-treated group (Fig. 1B).

To decipher the mechanism underlying the itraconazole-
mediated inhibition of proliferation, we examined its effect
on cell cycle progression of glioblastoma cells. Itraconazole
treatment led to an increase in the fraction of cells in G, phase
and a corresponding decrease in the fraction of cells in S
phase, suggesting that itraconazole potently inhibited cell cycle
progression at the G -S transition (Fig. S1A). To further evaluate
whether itraconazole-mediated inhibition of cell proliferation was
associated with cell death, the ANXAS5 (annexin V)-propidium
iodide (PI) assay was used to detect apoptotic cells. Itraconazole
treatment did not increase the percentage of ANXAS5-positive
cells, which are indicative of apoprotic cells (Fig. S2A). Similar
results were observed using the terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) assay, a more
specific method to detect apoptosis (Fig. S2B). These findings
indicated that itraconazole inhibited cell proliferation via
induction of G -S arrest but not by apoptosis in glioblastoma cells.

The antitumor properties of itraconazole in glioblastoma were
further evaluated using a mouse xenograft model. Nude mice
bearing established progressive tumors that had been treated
with itraconazole showed a significantly decreased rate of tumor
growth (Fig. 1C). Further, the immunoreactivity of MKI67
(marker of proliferation Ki-67), a marker of cell proliferation,*!
was markedly lower in the itraconazole-treated group compared
with the controls (Fig. 1D), suggesting that itraconazole
inhibited tumor cell proliferation.

Autophagy is responsible for itraconazole-induced inhibition
of proliferation

As growing evidence has highlighted the important roles of
autophagy in anticancer therapies, we next explored whether
autophagy is induced and required for itraconazole-mediated
inhibition of cell proliferation. As shown, both exogenous
EGFP-LC3 and endogenous LC3 puncta were increased in
itraconazole-treated U87 cells (Fig. 2A; Fig. S3A and S3B).
Ultrastructural analysis also revealed an increased number
of autophagosomes in itraconazole-treated U87 and C6 cells
(Fig. 2B; Fig. S4A and S4B). It was shown that itraconazole
elevated LC3-II expression in a dose-dependent manner in
either the presence or absence of lysosomal protease inhibitors
(E64d and pepstatin A), suggesting that itraconazole promoted
autophagic flux (Fig. 2C; Fig. S5A-S5C). In addition,
to examine whether itraconazole could alter autophagic
degradation, steady-state levels of SQSTM1, which are associated
with LC3 turnover and are degraded through the autophagic
pathway, were analyzed. As expected, itraconazole treatment
also induced SQSTM1 degradation in a dose-dependent manner
(Fig. 2D; Fig. S5D and S5E).
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Figure 1. Itraconazole inhibits glioblastoma tumor A
growth. (A) U87 or C6 cells were treated with indi- 1.2 1.2
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we further investigated whether itraconazole
could induce the dissociation of BCL2 from
BECNI1 to facilitate the stabilization of BECNI1-PtdIns3K
complexes. As shown in Figure S6B, no obvious alterations were
observed on the interaction of BECNI and BCL2, suggesting
that the interaction between BECN1 and BCL2 is not involved
in itraconazole-induced autophagy. Intriguingly, itraconazole
could stimulate recruitment of ATG14 (autophagy-related 14) to
BECNI1 (Fig. S6C), indicating that itraconazole promotes the
formation of PtdIns3K, BECN1, and ATG14 complexes.

To examine whether itraconazole induces autophagy in vivo,
immunohistochemistry was performed to examine the expression
of LC3 in U87 subcutaneous xenograft tumor sections. As
shown in Figure 3A, LC3 expression in the tumors treated
with itraconazole was much stronger compared with control
groups. Accordingly, immunoblot analysis showed an apparent
accumulation of LC3-II in tumors from itraconazole-treated
mice (Fig. 3B; Fig. S6D). Together, these studies demonstrated
that itraconazole potently induced autophagy both in vitro and
in vivo.

To evaluate the functional role of itraconazole-induced
autophagy in the therapeutic treatment of glioblastoma,
target specific siRNAs were utilized to silence expression of
ATG5 or BECNI, either of which encodes a key component
for autophagosome biogenesis (Fig. 4A-D; Fig. S7A-S7D).
Itraconazole-mediated inhibition of proliferation was partially

restored when ATG5 or BECNI was knocked down (Fig. 4E).
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In agreement with this observation, colony formation assay
and bromodeoxyuridine (BrdU) analysis revealed that both the
number of colonies and nuclear incorporation of BrdU were
increased in the presence of either siA7G5 or siBECNI compared
with administration of itraconazole alone (Fig. S7E and S7F).
These results suggest that autophagy plays an antiproliferative
role in glioblastoma cells in response to itraconazole treatment.

Itraconazole induces autophagy through inhibition of the
AKT1-MTOR pathway

The AKTI-MTOR pathway is a major regulator of
autophagy.”® Under conditions such as nutrient deprivation
or oxygen stress, the AKT1I-MTOR pathway is inhibited
while autophagy is induced.?*® Therefore, it was of particular
interest to examine the activation status of the AKT1I-MTOR
pathway. As shown in Figure 5A and B, itraconazole inhibited
the phosphorylation of either AKT1 or MTOR in both
U87 and C6 cells. To further validate whether the AKT1-
MTOR pathway was suppressed in response to itraconazole
treatment, immunoblot analysis was performed to examine
the phosphorylation status of CDKNIA (cyclin-dependent
kinase inhibitor 1A [p21, Cipl]) and CDKNIB (cyclin-
dependent kinase inhibitor 1B [p27, Kipl]), 2 substrates of
AKT]I, as well as RPS6KBI (ribosomal protein S6 kinase, 70
kDa, polypeptide 1) and EIF4EBP1 (eukaryotic translation
initiation factor 4E binding protein 1), 2 downstream effectors
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Figure 2. Itraconazole induces autophagy in
glioblastoma cells. (A) U87 cells were trans-
fected with a pEGFP-LC3 plasmid. After 36 h,
cells were treated with DMSO or indicated con-
centrations of itraconazole for another 36 h.
Formation of EGFP-LC3 puncta was visualized
by fluorescence microscopy. The data are rep-
resentative of 3 independent experiments. (B)
U87 cells were treated with DMSO or 5 wM itra-
conazole for 36 h, and formation of autophagic
vacuoles was examined by TEM analysis. The
data are representative of 3 independent exper-
iments. (C) U87 cells were treated with DMSO

or indicated concentrations of itraconazole for
36 h. Lysosomal protease inhibitors (E64d and
pepstatin A each at 10 pg/ml) were applied for
3 h at the end of treatment time of itraconazole.
Conversion of LC3-1 to LC3-ll was examined by
immunoblot. The data are representative of 3
independent experiments. (D) U87 cells were
treated with DMSO or indicated concentra-
tions of itraconazole for 36 h, and expression of

SQSTM1 was determined by immunoblot. The
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data are representative of 3 independent exper-
iments. Itra, itraconazole.

2 5

of MTOR.## Itraconazole markedly repressed phosphorylation
of CDKNIA, CDKN1B, RPS6KBI1, and EIF4EBP1 (Fig. 5A
and B). We further examined whether other autophagy-related
signaling regulators, including MAPK (mitogen-activated
protein kinase)1/3, MAPK14, and MAPK8 were involved
in itraconazole-induced autophagy.®® As shown in Figure
S8A, itraconazole had no obvious effect on the activation
of these signaling pathways, indicating a specificity for the
inhibition of AKTI-MTOR pathway. To further determine
the role of the AKT1-MTOR pathway in itraconazole-induced
autophagy, a constitutively active form of AKT1 (ca-AKT1),%>%
was exogenously expressed in itraconazole-treated cells to
reactivate the AKTI-MTOR pathway. As shown in Figure
S8B, phosphorylation of MTOR, CDKNI1A, and CDKNI1B
was markedly enhanced in response to ca-AK7I stimulation.
As expected, expression of ca-AKTI markedly attenuated
itraconazole-mediated autophagy, indicated by the decreased
number of LC3 puncta, reduced levels of LC3-II, and the
attenuated formation of BECN1-ATG14-PtdIns3K complexes
(Fig. 6A-C; Fig. S8C). Additionally, expression of ca-AKT1
also enhanced cell proliferation in itraconazole-treated cells
(Fig. 6D). Interestingly, compared with the repression of
autophagy by siBECNI, reactivation of the AKTI-MTOR
pathway by ca-AKTI restored cell viability to a greater extent
(Fig. S8D), suggesting that other AKTI-MTOR downstream
pathways might also be involved in itraconazole-induced
proliferation inhibition. These data support the notion that
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itraconazole-induced autophagy is due, at least in part, to
inhibition of the AKT1-MTOR pathway.

Itraconazole-induced cholesterol redistribution triggers
autophagy via AKT1-MTOR inhibition

Since itraconazole possesses the potential to suppress the
biosynthesis of cholesterol, and cholesterol depletion can induce
autophagy through AKT1-MTOR inhibition,*** we addressed
whether itraconazole-induced autophagy was mediated by
decreased cholesterol levels. As shown in Figure 7A, treatment
with 5 wM itraconazole, which was capable of triggering
autophagy (Fig. 2), had no apparent effect on total cholesterol
levels, suggesting that itraconazole-induced autophagy in
glioblastoma cells is not caused by the reduction of total cellular
cholesterol.

Itraconazole has also been reported to modulate cellular
cholesterol distribution, thus resulting in MTOR inhibition."
Since the plasma membrane is considered to be the major
site for cellular cholesterol storage,’® the plasma membrane
from itraconazole-treated U87 «cells was isolated and the
cholesterol content examined. As shown in Figure S9A,
the plasma membrane protein ATP1Al (ATPase, Na'/K+
transporting, a 1 polypeptide), was markedly accumulated in
the isolated plasma membrane compared with the whole cell
lysate.”” In contrast, both GAPDH (a cytosolic protein) and
MT-CO1 (mitochondrially encoded cytochrome c oxidase I; a
mitochondrial membrane protein) were rarely detected in the
isolated plasma membrane, confirming the purity of the isolated
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Figure 3. Itraconazole induces autophagy in vivo. (A) Nude mice with
U87 subcutaneous tumor xenografts were treated with hydroxypropyl-
cyclodextrin (vehicle, n = 9) or 75 mg/kg itraconazole (n = 9) twice daily
by oral gavage for 3 wk. LC3 expression in tumor xenografts was exam-
ined by immunohistochemistry. Eight individual fields of each slide
were randomly selected for evaluation of the intensity of LC3 staining.
(B) Conversion of LC3-1 to LC3-Il in tumors from vehicle- or itraconazole-
treated mice was examined by immunoblot. Representative image of
LC3 immunoblots was shown. ltra, itraconazole.

plasma membrane.?®* Treatment with itraconazole resulted in
a marked reduction of plasma membrane cholesterol, compared
with the DMSO-treated control group (Fig. 7B). To visualize the
localization of cellular cholesterol, filipin, a fluorescent detergent
which selectively binds to unesterified cholesterol,***° was
applied. As shown in Figure 7C, while DMSO-treated control
cells demonstrated a diffuse and weak filipin staining, punctate
and increased filipin fluorescence signals were observed in the
cytoplasm of the U87 cells in response to itraconazole treatment,
suggesting accumulation of cholesterol in the cytoplasma. To
further determine in which cellular compartments the free
cholesterol was trapped, filipin staining was combined with
immunofluorescence detection of PDIA (protein disulfide
isomerase; a marker for endoplasmic reticulum), CAV1
(caveolin 1, caveolae protein, 22 kDa) or LAMP1 (a marker
for late endosomes and lysosomes),' respectively. As shown in
Figure 7D and Figure S9B, a large number of filipin puncta
were colocalized with the LAMPI staining, but not PDIA or
CAV1 staining, indicating that cellular cholesterol was probably
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Figure 4. Inhibition of autophagy represses the antiproliferative effect
of itraconazole. (A) U87 cells were transfected with siNC (negative con-
trol) or siATG5 for 72 h, and expression of ATG5 was examined by immu-
noblot. The data are representative of 3 independent experiments.
(B) U87 cells were transfected with siNC or siATG5 for 36 h, and then
treated with 5 wM itraconazole for another 36 h. Expression of ATG5 was
examined by immunoblot. The data are representative of 3 independent
experiments. (C) U87 cells were transfected with siNC or siBECNT for
72 h, and expression of BECN1 was examined by immunoblot. The data
are representative of 3 independent experiments. (D) U87 cells were
transfected with siNC or siBECNT for 36 h, and then treated with DMSO or
5 wM itraconazole for another 36 h. Expression of BECN1 was examined
by immunoblot. The data are representative of 3 independent experi-
ments. (E) U87 cells were transfected with siNC, siATGS5, or siBECN1 for
36 h, and then treated with 5 wM itraconazole for another 36 h. Cell pro-
liferation was examined by the MTT assay. The data are representative of
5 independent experiments for the MTT assay. *P < 0.05; **P < 0.01; Itra,
itraconazole.

trapped within the late endosome/lysosome compartment
in itraconazole-treated cells. These observations suggest that
itraconazole decreases the amount of cholesterol on the plasma
membrane by mediating abnormal accumulation of cholesterol
in endosomes and lysosomes.

To investigate whether decreased cholesterol on the plasma
membrane was associated with itraconazole-induced AKT1-
MTOR inhibition and autophagy activation, itraconazole-
treated U87 or C6 cells were exposed to the MBCD-cholesterol
complex, which can replenish the membrane cholesterol content
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attenuated itraconazole-induced autophagy,
which was demonstrated by decreased
LC3-1I expression, a reduced number of
LC3 immunofluorescence puncta, and the
depressed formation of autophagic vacuoles
(Fig. 9A-C; Fig. S13A-S13D).

As in our pilot study, UI8666A, another
reagent that stimulated accumulation
of cholesterol in the late endosome and
lysosome compartments,* also inhibited
cell proliferation of glioblastoma cells
(Fig. S13E). We therefore investigated
whether itraconazole-mediated cholesterol
depletion of the plasma membrane
was responsible for its aforementioned
antiproliferative effects in glioblastoma
cells. To this end, U87 cells were treated
with itraconazole in the presence or absence
of the MBCD-cholesterol complex. As
expected, cell proliferation of itraconazole-
treated cells could be noticeably rescued
by the addition of the MBCD-cholesterol
complex (Fig. 9D). Therefore, our data
suggest that itraconazole-mediated
AKTI-MTOR inhibition and subsequent
autophagy induction largely
attributed to cholesterol depletion on the
plasma membrane.

Itraconazole induces redistribution of
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Figure 5. Itraconazole inhibits the AKT1-MTOR pathway. (A) U87 or C6 cells were treated with
DMSO, indicated concentrations of itraconazole or 100 nM rapamycin for 36 h. Phosphorylation
of MTOR (Ser2448), RPS6KB1 (Ser424 and Thr421), and EIF4EBP1 (Ser65 and Thr70) was examined
by immunoblot. Total MTOR, RPS6KB, or EIFAEBP1 respectively was used as the internal control.
The data are representative of 3 independent experiments. (B) U87 or C6 cells were treated
with DMSO or the indicated concentrations of itraconazole. Phosphorylation of AKT1 (Ser473),
CDKN1A (Thr145), and CDKN1B (Thr198) was examined by immunoblot. Total AKT1, CDKN1A, and
CDKN1B, respectively was used as the internal control. The data are representative of 3 indepen-
dent experiments. *P < 0.05; **P < 0.01; ***P < 0.001; Itra, itraconazole; Rapa, rapamycin.

To explore the mechanisms underlying
itraconazole-mediated depletion of
cholesterol on the plasma membrane,
a 2-dimensional PAGE (2-DE)-based
proteomic study was performed to identify
the key proteins involved in this process.
A total of 24 differentially expressed spots
were analyzed by ESI-Q-TOF tandem

(Fig. S10A). Although no apparent effects on rapamycin-
mediated inhibition of MTOR signaling pathway were observed
(Fig. S10B), the addition of the MBCD-cholesterol complex
notably restored the phosphorylation levels of AKT1, MTOR,
RPS6KBI, and EIF4EBP1 in itraconazole-treated cells (Fig. 8A,
Fig. S11; Fig. S12A). To rule out the possibility of direct
physical interaction between the MBCD-cholesterol complex
and itraconazole, cells were first treated with itraconazole for 36
h, washed with PBS, and subsequently exposed to the MBCD-
cholesterol complex for 4 h. It can be seen that the MBCD-
cholesterol complex was still capable of effectively reactivating
the AKT1I-MTOR signaling pathway (Fig. 8B; Fig. S12B),
suggesting that the MPBCD-cholesterol complex-mediated
rescue of the AKT1-MTOR signaling pathway was not acquired
through its direct binding to itraconazole. In agreement with
these observations, the MBCD-cholesterol complex markedly
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mass spectrometry, and 26 distinct
proteins were identified. Representative
paired gels from the 2-DE analyses are shown in Figure S14A.
Detailed information of the regulated proteins, including their
isoelectric point and molecular weight, are given in Table S1.
Cluster analysis was performed using the Cluster software tool
(Fig. S14B).
Notably, among the regulated proteins, itraconazole induced
a reduced expression of sterol carrier protein X, but elevated
expression of STARD3 (StAR-related lipid transfer [START]
domain containing 3) (Fig. S14C). The 58-kDa sterol carrier
protein X is thought to be the precursor of SCP2 (sterol carrier
protein 2) that can be posttranslationally processed to 13-kDa
SCP2.%4¢ The cleaved SCP2 can bind to cholesterol with high
affinity, and is involved in transporting cytoplasmic cholesterol
to the plasma membrane. STARD3 is a transmembrane
protein that shares homology with the cholesterol-binding
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Figure 6. Itraconazole induces autophagy by repressing the AKT1-MTOR
pathway. (A) U87 cells were transfected with mock vector or ca-AKT1.
Thirty-six hours after transfection, the cells were treated with DMSO or 5
.M itraconazole for another 36 h. Formation of endogenous LC3 puncta
were examined by immunofluorescence staining using a fluorescence
microscope. The data are representative of 3 independent experiments.
(B and C) U87 cells were transfected with mock vector or ca-AKT1.
Thirty-six hours after transfection, the cells were treated with DMSO or
5 wM itraconazole for another 36 h. Conversion of LC3-I to LC3-Il was
examined by immunoblot (B). Interaction between BECN1 and PtdIns3K,
or BECN1 and ATG14 was determined by coimmunoprecipitation (C).
The data are representative of 3 independent experiments. (D) U87 cells
were transfected with mock vector or ca-AKT]. Thirty-six hours after
transfection, the cells were treated with DMSO or 5 wM itraconazole
for another 36 h. Cell proliferation was examined by the MTT assay
(left panel) and the BrdU incorporation assay (right panel). The data are
representative of 3 independent experiments for both the MTT assay
and BrdU incorporation assays. *P < 0.05; **P < 0.01; Itra, itraconazole.

domain (START domain) of the steroidogenic acute regulatory
protein, and participates in cholesterol efflux from late
endosomes independently of Niemann-Pick disease, type
C1. Since aberrant regulation of either SCP2 or STARDS3 is
sufficient to result in defective cellular cholesterol trafficking
and distribution, expression of these 2 proteins in response to
itraconazole treatment was further examined by immunoblot
analysis. Consistent with our proteomic data, treatment with
itraconazole markedly reduced SCP2 expression in a range
of glioblastoma cell lines (Fig. 10A; Fig. S15A). However, the
expression pattern of STARD3 among the cell lines tested was
inconsistent (Fig. 10A; Fig. S15A). SCP2 was therefore selected
for further mechanistic studies.

Next, we sought to determine the molecular mechanisms
underlying itraconazole-induced SCP2 downregulation. As
shown in Figure S15B, the level of SCP2 mRNA was markedly
decreased in itraconazole-treated cells compared with control
cells. Further, treatment with MGI132 (a proteasome
inhibitor) or chloroquine (an autophagy inhibitor) showed
no apparent effects on itraconazole-induced SCP2 repression
(Fig. S15C).%*" These results indicated that decreased
SCP2 expression was likely due to inhibition of SCP2
gene transcription, instead of proteasome- or autophagy-
mediated protein degradation.

Figure 7. Itraconazole decreases cholesterol content in the plasma
membrane. U87 cells were treated with DMSO or 5 wM itraconazole
for 36 h. (A) The level of total cellular cholesterol was examined
using the Cholesterol Assay Kit. The data are representative of
3 independent experiments. (B) Plasma membrane fraction
was isolated by sucrose density gradient centrifugation, and
the level of cholesterol on plasma membrane was examined
using the Cholesterol Assay Kit. The data are representative of
4 independent experiments. (C) Cytoplasmic cholesterol
distribution was examined by filipin staining. The data are
representative of 3 independent experiments. (D) Cellular
cholesterol distribution was determined by filipin staining
coupled with LAMP1 immunofluorescence staining. The data are
representative of 3 independent experiments. **P < 0.01; ns, not
significant; Itra, itraconazole.
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Figure 8. Itraconazole-induced cholesterol redistribution inhibits
the AKT1-MTOR pathway. (A) U87 cells were treated with itraconazole
(5 wM) in the presence of MBCD (1 mg/ml), cholesterol (20 p.g/ml) or the
MBCD-cholesterol complex (containing 1 mg/ml MBCD and 20 pg/ml
cholesterol) for 36 h. Phosphorylation of AKT1 (Ser473), MTOR (Ser2448),
RPS6KB1 (Ser424 and Thr421), and EIF4EBP1 (Ser65 and Thr70) was
examined by immunoblot. Total AKT1, MTOR, RPS6KB, or EIF4EBP1 was
used as internal control for p-AKT1, p-MTOR, p-RPS6KB, or p-EIFAEBP1,
respectively. The data are representative of 3 independent experiments.
(B) U87 cells were treated with itraconazole (5 M) for 36 h, washed with
PBS, and then incubated with the MBCD-cholesterol complex (contain-
ing 2 mg/ml MBCD and 80 p.g/ml cholesterol) for 4 h. Phosphorylation
of AKT1 (Ser473), MTOR (Ser2448), RPS6KB1 (Ser424 and Thr421), and
EIF4EBP1 (Ser65 and Thr70) was examined by immunoblot. Total AKT1,
MTOR, RPS6KB, or EIFAEBP1 was respectively used as internal control.
The data are representative of 3 independent experiments. Ch/MBCD,
MBCD-cholesterol complex; Itra, itraconazole.

To validate whether repression of SCP2 could mimic
itraconazole-induced cellular responses, endogenous SCP2 in
U87 cells was knocked down using specific siRNAs (Fig. 10B).
Loss of SCP2 induced a marked decrease in plasma membrane
cholesterol accompanied by an apparent accumulation of
cytoplasmic cholesterol (Fig. 10C and D), which was similar
to the distribution pattern of cellular cholesterol observed in
itraconazole-treated cells (Fig. 7C). Furthermore, knockdown of
SCP2 also resulted in inhibition of the AKT1-MTOR signaling
pathway and activation of the autophagy process, both of which
could be substantially abolished by treating the cells with the
MBCD-cholesterol complex (Fig. 11A and B; Fig. S1I6A and
S16B).

Finally, to determine whether SCP2 was a functional
downstream effector of itraconazole, SCP2 was exogenously
expressed in itraconazole-treated cells. Expression of SCP2
markedly increased the plasma cholesterol content as well
as phosphorylated forms of AKT1, MTOR, RPS6KBI, and
EIF4EBP1 in itraconazole-treated cells (Fig. S17; Fig. 12A;
Fig. S18A). Accordingly, itraconazole-induced autophagosome
formation was significantly reduced upon SCP2 expression
(Fig. 12A and B; Fig. S18B). Taken together, these data
indicate that itraconazole triggers antiproliferative autophagy
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Figure 9. lItraconazole-induced cholesterol redistribution induces
autophagy. (A) U87 cells were treated with itraconazole (5 wM) in the
presence of MBCD (1 mg/ml), cholesterol (20 wg/ml) or the MBCD-
cholesterol complex (containing 1 mg/ml MBCD and 20 pg/ml
cholesterol) for 36 h. Conversion of LC3-I to LC3-Il was examined by
immunoblot. ACTB was used as the internal control for LC3. The data
are representative of 3 independent experiments. (B) U87 cells were
treated with itraconazole (5 wM) in the presence or absence of the
MBCD-cholesterol complex (containing 1 mg/ml MBCD and 20 pg/ml
cholesterol) for36 h. Formation of endogenous LC3 punctawas examined
via immunofluorescence staining using a fluorescence microscope. The
data are representative of 3 independent experiments. (C) U87 cells
were treated with DMSO or 5 uM itraconazole for 36 h in the presence
or absence of the MBCD-cholesterol complex (containing 1 mg/ml
MBCD and 20 pg/ml cholesterol). The formation of autophagic vacuoles
was examined by TEM. The data are representative of 3 independent
experiments. (D) U87 cells were treated with itraconazole (5 M) in the
presence or absence of the MBCD-cholesterol complex (containing
1 mg/ml MBCD and 20 pg/ml cholesterol) for 36 h. Cell proliferation was
determined by the MTT assay (left panel) or the BrdU incorporation assay
(right panel). The data are representative of 4 independent experiments
for the MTT assay, and 3 independent experiments for the BrdU
incorporation assay. *P < 0.05; Ch/MBCD, MBCD-cholesterol complex;
Itra, itraconazole.
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itraconazole on glioblastoma cells. Our
findings demonstrate that itraconazole-
induced autophagy plays an essential
role in drug-induced growth arrest in
glioblastoma cells.

Inhibition of MTOR is well known
as a crucial step for autophagy induction
through  dephosphorylation  of
51 like autophagy activating kinase 1
and autophagy-related 13.% However,
autophagy can also be initiated and
regulated in an MTOR-independent
pathway’*® In this study, we found
that the MTOR signaling pathway was
markedly inhibited in itraconazole-
treated cells, which is in line with a
previous report.!” Notably, we demonstrated that AKTI, a
positive upstream regulator of MTOR, was also inactivated
upon itraconazole treatment. Moreover, reactivation of AKT1
by exogenous expression of ca-AKTI substantially abolished
itraconazole-induced autophagy and cell proliferation inhibition,
suggesting that AKT1 inactivation likely plays an essential role
in itraconazole-mediated antitumor effects.

Besides regulation of the autophagic process, AKT1-
MTOR signaling is involved in diverse biological processes,
such as cell growth, metabolism, and tumorigenesis.’®
Interestingly, our data showed that overexpression of ca-AKTI
enhanced cell proliferation to a greater extent compared with
treatment with an autophagy inhibitor alone in the context of
itraconazole treatment, suggesting that, besides autophagy,
other AKT1I-MTOR downstream pathways are involved in
itraconazole-induced inhibition of proliferation. Further work
will be conducted to elaborate the potential crosstalk between

unc-
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Figure 10. Reduced SCP2 expression induces deprivation of cholesterol in the plasma mem-
brane. (A) U87 cells were treated with DMSO or 5 wM itraconazole for 36 h and the expression
of SCP2 and STARD3 was examined by immunoblot. The data are representative of 3 indepen-
dent experiments. (B) U87 cells were transfected with siNC, siSCP2-a, or siSCP2-b. Expression
of SCP2 was examined by immunoblot 72 h after transfection. The data are representative of
3 independent experiments. (C) U87 cells were transfected with siNC, siSCP2-a, or siSCP2-b for
72 h. Cholesterol distribution was examined by filipin staining. The data are representative of
3 independent experiments. (D) U87 cells were transfected with siNC, siSCP2-a, or siSCP2-b.
Thirty-six hours after transfection, the cells were incubated with fresh medium or medium con-
taining the MBCD-cholesterol complex (containing 1 mg/ml MBCD and 20 p.g/ml cholesterol) for
another 36 h. The plasma membrane fraction was isolated by sucrose density gradient centrifuga-
tion, and the level of cholesterol in the plasma membrane was examined using the Cholesterol
Assay Kit. The data are representative of 3 independent experiments. **P < 0.01; ***P < 0.001; ns,
not significant; Ch/MBCD, MBCD-cholesterol complex.

itraconazole-induced autophagy and the complex downstream
signaling cascades of AKT1-MTOR.

The correct intracellular distribution of cholesterol among
cellular membranes is essential for diverse biological functions
of mammalian cells, including signal transduction and
membrane trafficking.”*” During intracellular lipid trafficking,
cholesterol is transported from sorting endosomes to late
endosomes and lysosomes, from which cholesterol can efflux
and reach the plasma membrane.?® In this study, we found that
itraconazole induced aberrant cellular compartmentalization,
and the redistribution of cellular cholesterol comprised a marked
depletion of plasma membrane cholesterol with concomitant
accumulation of cytoplasmic cholesterol in late endosomes and
lysosomes. Depletion of cholesterol in the plasma membrane
represses AKT1 activity by impairing AKT1 phosphorylation at
the regulatory sites. Diminished AKT1 activity then results in
inhibition of MTOR, activation of autophagy, and suppression of
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Figure 11. Reduced SCP2 expression inhibits the
AKT1-MTOR pathway and induces autophagy.
(A) U87 cells were transfected with siNC, siSCP2-a,
or siSCP2-b. Thirty-six hours after transfection, the
cells were incubated with fresh medium or medium
containing the MBCD-cholesterol complex (con-
taining 1 mg/ml MBCD and 20 pg/ml cholesterol)
foranother 36 h. Phosphorylation of AKT1 (Ser473),
MTOR (Ser2448), RPS6KB1 (Ser424 and Thr421),
and EIF4EBP1 (Ser65 and Thr70) and conversion
of LC3-1 to LC3-Il were examined by immunoblot.
Total AKT1, MTOR, RPS6KB, or EIF4EBP1 was used
as internal control for p-AKT1, p-MTOR, p-RPS6KB,
or p-EIF4EBP1, respectively. ACTB was used as the
internal control for LC3. The data are representa-
tive of 3 independent experiments. (B) U87 cells

siSCP2-a +
Ch/MBCD

siNC siSCP2-a siSCP2-b

SiSCP2-b +
Ch/MBCD

Thirty-six hours after transfection, the cells were
incubated with fresh medium or medium con-
taining the MBCD-cholesterol complex (contain-
ing 1 mg/ml MBCD and 20 pg/ml cholesterol)
for another 36 h. Formation of endogenous LC3
puncta was examined via immunofluorescence
staining using a fluorescence microscope. The data
are representative of 3 independent experiments.
Ch/MBCD, MBCD-cholesterol complex.

cell proliferation. Intriguingly, replenishment
of membrane cholesterol by the MBCD-
cholesterol complex resulted in a remarkable

attenuation of the itraconazole-induced
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MTOR inhibition, autophagy activation, and

suppression of cell proliferation, indicating
that decreased content of cholesterol on the plasma
membrane is a critical mediator of the anticancer effect of
itraconazole.

Accumulating evidence has indicated that a number of
proteins mediate intracellular cholesterol transfer, including
CAV1, SCP2, and STARD3.!%4¢06! Utilizing proteomic
analysis, we identified SCP2 as the transfer protein in
itraconazole-mediated cholesterol trafficking. SCP2, also
called nonspecific lipid transfer protein, enhances cholesterol
transfer out of the lysosomal membrane, as well as the
regulation of multiple lipid signaling pathways in the plasma
membrane.”#¢ Qur data showed that silencing of SCP2 led
to inhibition of MTOR signaling, activation of autophagy,

DMSO Itra

Itra + Mock Itra + SCP2

Figure 12. Overexpression of SCP2 attenuates itraconazole-medi-
ated MTOR inhibition and autophagy activation. U87 cells were
transfected with mock vector or SCP2 expression plasmid. After
36 h, cells were treated with DMSO or 5 M itraconazole for another
36 h. (A) Phosphorylation of AKT1 (Ser473), MTOR (Ser2448),
RPS6KB1 (Ser424 and Thr421), and EIF4EBP1 (Ser65 and Thr70) and
conversion of LC3-I to LC3-Il were examined by immunoblot. Total
AKT1, MTOR, RPS6KB1, or EIF4EBP1 was used as internal control for
p-AKT1, p-MTOR, p-RPS6KB1, or p-EIF4EBP1, respectively. ACTB
was used as the internal control for LC3. The data are representa-
tive of 3 independent experiments. (B) Formation of endogenous
LC3 puncta was examined viaimmunofluorescence staining using a
fluorescence microscope. The data are representative of 3 indepen-
dent experiments. Itra, itraconazole.
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and reduction of plasma membrane cholesterol. Additional
experiments further confirmed that these changes could be
attenuated in itraconazole-treated cells by SCP2 overexpression,
suggesting that SCP2 is a crucial effector in itraconazole-
mediated cholesterol redistribution and autophagy.

The importance of autophagy in anticancer therapy has driven
an active interest in the development of compounds that can
positively or negatively regulate autophagy in cancer cells. This
study shows that itraconazole induces autophagy in glioblastoma
cells. We have defined the links between itraconazole-mediated
cellular cholesterol redistribution and the antiproliferative effects
on glioblastoma cells. Furthermore, our findings explain, at
least in part, the molecular mechanisms by which itraconazole
disrupts normal cellular cholesterol trafficking and inactivates
the MTOR signaling pathway. Inhibition of autophagy decreases
the cytotoxicity of itraconazole, suggesting that using autophagy-
inducing agents may enhance the potential anticancer activity of
itraconazole.

Materials and Methods

Cell culture

Human U87 (ATCC, HTB-14), LN-229 (ATCC, CRL-
2611), U118 (ATCC, HTB-15), A-172 (ATCC, CRL-1620)
glioblastoma cells and rat C6 (ATCC, CCL-107) glioma cells
were cultured in Dulbecco Modified Eagle’s Medium (ATCC,
30-2002) or Ham F-12 Nutrient Mixture (Gibco, 11765-054)
respectively, supplemented with 10% fetal bovine serum (ATCC,
30-2020), 10° U/L penicillin, and 100 mg/L streptomycin
(Sigma, P0781) at 37 °C in an atmosphere containing 5% CO,.
Cells were grown to 70% to 80% confluency in dishes or cell
culture plates and treated under various conditions as indicated.

Reagents

Rapamycin (Sigma, R8781), MG-132 (Sigma, M7449),
UI8666A (Sigma, U3633), methyl-B-cyclodextrin (Sigma,
C4555), cholesterol (Sigma, C4951), pepstatin A (Sigma,
P4265), E64d (Sigma, E8640), and chloroquine (Sigma,
C6628) were purchased from Sigma.

Itraconazole (Sigma, 16657) was prepared as a solution in
dimethyl sulfoxide (DMSO) for use in in vitro experiments.
Itraconazole oral solution for in vivo experiments was obtained
from Xi’an Janssen Pharmaceutica Ltd. (H20080401).

SCP2 expression plasmid and the corresponding mock vector
were purchased from GeneCopoeia (EX-C0019-M68). The
construct of the HA-tagged constitutively active AKT1 was
prepared as reported previously.”

Antibodies used in this study were against: BECN1 (Santa
Cruz, sc-11427), ACTB (Santa Cruz, sc-69879), BCL2 (Santa
Cruz, sc-492), RPS6KB1 (Santa Cruz, sc-9027), p-RPS6KB1
(Santa Cruz, sc-7984-R), EIF4EBP1 (Santa Cruz, sc-6025),
p-EIF4EBP1  (Santa Cruz, sc-12884), LAMPI (Santa
Cruz, sc-20011), MTOR (Millipore, 04-385), p-MTOR
(Millipore, 09-213), p-MAPK1/3 (Cell Signaling Technology,
4377), MAPK11/12/14 (Cell Signaling Technology, 8690),
p-MAPK11/13/14 (Cell Signaling Technology, 4511), PtdIns3K

www.landesbioscience.com

(Cell Signaling Technology, 4263), LC3 (MBL, PMO036),
ATG14 (MBL, PD026), MAPK1/3 (Abcam, ab79853), PDIA
(Abcam, ab2792), MKI67 (Abcam, ab15580), CAV1 (Abcam,
ab2910), SCP2 (Santa Cruz, sc-32835), STARD3 (Proteintech,
20292-1-AP), SQSTMI1 (Santa Cruz, sc-25575), ATG5 (Abcam,
ab78073), AKT1 (Abcam, abl24341), p-AKT1 (Abcam,
ab81283), CDKNIA (Abcam, ab7960), p-CDKNIA (Abcam,
ab47300), CDKNI1B (Abcam, ab7961), p-CDKNIB (Abcam,
ab64949), ATP1Al1 (Abcam, ab353), MT-CO1 (Abcam,
ab14705), HA tag (Santa Cruz, sc-53516) and GAPDH (Abcam,
ab8245).

Cell viability assay

Cell viability assay was performed as reported previously
with minor modifications.®* Cells were plated in 96-well cell
culture plates (3 x 10° cells/well) and subjected to the indicated
treatments for 36 h. Then 20 pl of 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT, 5 mg/ml) was added
to each well. After 4 h incubation, the medium was removed
and 150 pl of DMSO was added to each well to dissolve the
crystal formazan dye. Absorbance was measured at 570 nm on
an enzyme-linked immunosorbent assay reader. For relative
quantification, the value of absorbance in each group was
normalized to that in the control group.

TUNEL assay

Terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assay was performed using the DeadEnd™
Fluorometric TUNEL system (Promega, G3250) as described
previously.®? Cells for assay were seeded into 6-well cell culture
plates. When the cells reached 70% to 80% confluency, the
medium was replaced by fresh culture medium containing
indicated concentrations of itraconazole. Cells were washed with
PBS (Beyotime, C0221A) twice and fixed in 4% methanol-free
formaldehyde solution in PBS for 25 min at 4 °C, followed by
permeabilization with 0.2% Triton X-100 (Beyotime, ST795) in
PBS for 5 min at room temperature. Staining was according to
the manufacturer’s instructions.

Colony formation assay

Colony formation assay was performed as reported previously
with minor modifications.®® Briefly, 150 cells (untreated or
transfected with siRNAs) were seeded in a 60-mm dish. The
cells were continuously cultured in the presence or absence of
the indicated concentration of itraconazole for 14 d. Clones were
stained with Giemsa (Sigma-Aldrich, 48900-500ML-F) and
counted using a microscope. Only those cell clusters containing
more than 50 cells were considered as clones.

BrdU assay

BrdU incorporation was assayed using the BrdU Cell
Proliferation Assay Kit (Cell Signaling Technology, 6813).
Briefly, cells were plated in 96-well cell culture plates (3 x 10°
cells/well) and subjected to the indicated treatments. After
treatment, 10 wM BrdU was added to each well, and the
cells were incubated for 4 h. BrdU signal was determined by
measuring the absorbance at 450 nm.

Immunoblot

Cell samples were lysed with 50 mM Tris-base, 1.0 mM
EDTA, 150 mM NaCl, 0.1% SDS, 1% Triton X-100, 1%
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sodium deoxycholate (Sigma-Aldrich, D6750-25G) and 1 mM
phenylmethanesulfonyl fluoride (Sigma-Aldrich, 78830-5G).
Proteins (20 to 60 pg) were size-fractionated by 12% SDS-
PAGE, and then transferred to PVDF membranes (Millipore,
ISEQ00010). After blocking, the membranes were incubated
with primary antibodies: LC3 (1:1000), ACTIN (1:1000),
SQSTM1 (1:400), BECN1 (1:500), ATG14 (1:1000), BCL2
(1:500), PtdIns3K (1:1000), ATGS5 (1:1000), p-MTOR
(1:1000), MTOR (1:1000), p-RPS6KBI (1:500), pRPS6KBI
(1:500), p-EIF4EBP1 (1:500), EIF4EBP1 (1:500), p-MAPK1/3
(1:1000), MAPK1/3 (1:1000), p-MAPKI11/13/14 (1:1000),
MAPK11/12/14 (1:1000), p-MAPKS8/9 (1:1000), MAPKS8/9
(1:1000), STARD3 (1:500), SCP2 (1:500), AKT1 (1:1000),
p-AKT1 (1:500), CDKNI1A (1:1000), p-CDKNIA (1:500),
CDKNI1B (1:1000), p-CDKNI1B (1:500), ATP1A1 (1:1000),
HA tag (1:1000), GAPDH (1:2000), and MT-CO1 (1:1000).
After washing with Tris-buffered saline containing 0.1%
Tween 20 (Beyotime, ST825) (TBST), the blots were probed
with secondary antibodies (ZSGB-BIO, ZB-2306, ZB-2305,
ZB-2301) for 1 h at room temperature. Target proteins were
examined using enhanced chemiluminescence reagents
(Millipore, WBKLS0500). Band intensity was determined
by densitometry using Image] software. The relative intensity
of each band was standardized to the corresponding internal
control. For relative quantification, the intensity of each band
was standardized to the corresponding internal control and
normalized to the intensity of the band of control group.

Flow cytometry

For cell cycle analysis, the cells were harvested by
trypsinization and fixed in 70% ice-cold ethanol at -20 °C
overnight. Cells were then washed with PBS, resuspended in
1 ml PBS containing 50 pg/ml PI (Beyotime, ST512) and
100 pg/ml RNase A (Beyotime, ST576), and incubated at
37 °C for 30 min in the dark. DNA content was determined
with an EPICS Elite ESP cell sorting system (Beckman Coulter,
Fullerton, CA, USA). For cell death analysis, the cells were
harvested and washed once with PBS, then resuspended and
incubated in PIL-ANXAS5 solution (KeyGEN Biotech, KGA108).
Flow cytometry was performed with a FACSCalibur flow
cytometer (Becton Dickinson, San Jose, CA USA).

Electron microscopy

Electron microscopy analysis was performed as described
previously.*®® Cells were harvested, pelleted, and fixed in
paraformaldehyde, 0.1% glutaraldehyde in 0.1 M sodium
cacodylate for 2 h, post fixed with 1% OsO, for 1.5 h, washed
and finally stained for 1 h in 3% aqueous uranyl acetate. The
samples were then rinsed with water, dehydrated with graded
alcohol (50%, 75%, and 95 to 100% alcohol), and embedded
in  Epon-Araldite resin  (Canemco-Marivac, Montreal,
PQ, Canada). Ultrathin sections were cut on a Reichert
(Reichert-Jung,  Heidelberg,
counterstained with 0.3% lead citrate and examined on an
EM420 transmission electron microscope (Philips, Eindhoven,
The Netherlands). The cytoplasmic area occupied by the

autophagic vacuoles was determined using Image Pro Plus
%

ultramicrotome Germany),

version 3 software.
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Coimmunoprecipitation

Cells were lysed with RIPA buffer (40 mM TRIS-HCI, pH
7.5, 150 mM NaCl, 0.5% Nonidet P-40 [Beyotime, PO013F],
protease inhibitors protease inhibitor cocktail [Sigma, P8340],
5% glycerol, 10 mM NaF). Whole cell lysates obtained by
centrifugation were incubated with 1 to 4 g of antibody and
Sepharose protein A/protein G beads (Rockland, PAG50-00-
0002) overnight at 4 °C. The immune-complexes were then
washed 3 times with RIPA buffer and separated by 12% SDS-
PAGE for western blot analysis.

Tumor xenograft model

All studies were approved by the Institutional Animal Care
and Treatment Committee of Sichuan University. Healthy
female nude mice (BALB/c, 6 to 8 wk of age, infertile, 18 to 20 g
of weight) were injected subcutaneously with U 87 cells (5 x 10°
cells/mouse). When the tumors reached 50 to 70 mm? in volume
(calculated as V = L x W?/2), mice were treated with either
hydroxypropyl-cyclodextrin (vehicle control) or itraconazole
(75 mg/kg oral twice daily). Animals were sacrificed after
3 wk. Tumor tissues were isolated and frozen in liquid nitrogen
or fixed in formalin immediately.

Immunohistochemistry

Immunohistochemistry ~ was  performed as reported
previously.®7! Briefly, sections were dewaxed and rehydrated.
Antigen retrieval was performed by pretreatment of the slides
in citrate-EDTA antigen retrieval solution (Beyotime, P0086)
in a microwave oven for 12 min. The slides were incubated
with PBS containing 3% hydrogen peroxide for 15 min,
PBS containing 5% albumin from bovine serum (Biosharp,
BS043C) for 30 min, and subsequently the primary antibody at
4 °C overnight. The slides were then probed with horseradish
peroxidase-conjugated secondary antibody (Fuzhou Maixin
Biotech, KIT-5030) for 1 h at 37 °C, followed by reaction with
diaminobenzidine (Beyotime, ST033) and counterstaining with
Mayer hematoxylin (Beyotime, C0107).

To score the immunostaining intensity, at least 8 individual
fields were examined and 100 cells were counted in each field.
Cells with cytoplasmic LC3 immunoreactivity were considered
as positive staining cells. The immunostaining intensity (A) was
divided into 4 grades (negative, weak, moderate, and strong),
and the score for each grade determined as follows: negative,
0; weak, 1; moderate, 2; strong, 3. The proportion of positive-
staining cells (B) was divided into 5 grades (< 5%, 6 to 25%,
26 t0 50%, 51 to 75% and > 75%), and the score for each grade
determined as follows: < 5%,0; 6 to 25%, 1; 26 to 50%, 2; 51
to 75%, 3; > 75%), 4. The scoring was performed and confirmed
by 2 individual experienced pathologists. The final score for
each slide was calculated as A x B, as described previously.?”?
The final score for each slide was defined as low expression (0 to
4) or high expression (5 to 12).

Purification of plasma membrane

The plasma membrane fraction was purified according to
previous reports with minor modifications.”””> Cells were
washed twice with ice-cold phosphate-buffered saline, scraped,
and transferred into 5 ml of sucrose Buffer A (250 mM sucrose,

30 mM histidine, 1 mM EDTA-Na, pH 7.4). The cells were
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homogenized with a ball-bearing homogenizer. The cell
lysates were then centrifuged at 1000 g for 5 min to remove
the nuclei, cell debris, or unbroken cells. The supernatants
were transferred to ultracentrifuge tubes and centrifuged at
100,000 g for 1 h using a Beckman type 65 rotor (Beckman
Coulter, Fullerton, CA). The pellet was resuspended in 1.35
M sucrose and separated via a discontinuous sucrose density
gradient (0.25 M, 0.90 M, and 1.35 M) by centrifugation at
350,000 g for 2 h. The fraction from the interface between
the 0.9 and 1.35 M sucrose layers was then loaded on top of a
linear gradient of 5 to 20% Optiprep (Sigma-Aldrich, D1556-
250ML), and subjected to centrifuge at 95,000 g for 18 h.
The plasma membrane was harvested from fractions near the
top of the gradient. The protein concentration of the plasma
membrane sample was determined using the DC protein assay
(Bio-Rad, 500-0111). The purity of the plasma membrane
sample was examined by immunoblot.

Cholesterol determination

Cholesterol concentration was measured using the Total
Cholesterol Assay Kit (Applygen, E1015) according to the
manufacturer’s protocol. For relative quantification, the content
of membrane cholesterol in each group was normalized to that of
the control group.

2-DE and MS/MS analysis

U87 cells were treated with either 5 WM itraconazole or
DMSO for 36 h. 2-DE and MS/MS analysis was performed
as described previously.”® Briefly, cells were dissolved in lysis
buffer (7 M urea [Sigma-Aldrich, U6504-500G], 2 M thiourea
[Sigma-Aldrich, 88810-500G], 4% CHAPS [Bio-Rad, 161-
0460-MSDS], 100 mM DTT [Bio-Rad, 161-0610-MSDS],
0.2% pH 3-10 ampholyte [Bio-Rad, 163-1113-MSDS]) in the
presence of a protease inhibitor (Sigma, P8340). Samples were
loaded into IPG strips (17 cm, pH3-10NL; Bio-Rad, 163-2009)
using a passive rehydration method, and then subjected to
isoelectric focusing (Bio-Rad). The second dimension separation
was performed using 12% SDS-PAGE. The gels were stained
with CBB R-250 (Bio-Rad, 161-0438-MSDS). Identification
and quantitation of protein spots was performed using PDQuest
software (Bio-Rad).

In-gel protein digestion was performed using mass
spectrometry grade trypsin (Trypsin Gold; Promega, PR-V5280)
according to the manufacturer’s instructions. Gel spots were
destained with 100 mM NH,HCO,/50% acetonitrile (Sigma-
Aldrich, 271004-1L) and dehydrated with 100% ACN. The gels
were then incubated with trypsin (Promega, V5280), followed
by double extraction with 50% ACN/5% trifluoroacetic acid.
The peptide extracts were dried in a speed-VAC concentrator
(Thermo Fisher Scientific, Waltham, MA), and subjected to
mass spectrometric analysis using a Q-TOF mass spectrometer
(Micromass, Manchester, UK) fitted with an ESI source.

Filipin staining

Cells were fixed with 4% (wt/vol) paraformaldehyde in
PBS for 30 min and stained with 50 pg/ml filipin
(Sigma, F9765) in PBS for 2 h. Images were captured using
a fluorescence microscope (Carl Zeiss Microimaging Inc.,

Thornwood, NY).

www.landesbioscience.com

Immunofluorescence

Cells were fixed with 4% paraformaldehyde, and then
incubated with PBS containing 3% albumin from bovine serum
(Biosharp, BS043C) for 30 min. The slides were then probed
with primary antibody at 4 °C overnight, and subsequently
FITC- or TRITC-conjugated secondary antibodies (ZSGB-
BIO, ZF-0311, ZF-0313, ZF-0316) at room temperature for 1 h.
Images were captured using a DM2500 fluorescence microscope
(LEICA, Wetzlar, Germany).

Semiquantitative RT-PCR

Total RNAs were extracted and purified using Trizol
reagent (Invitrogen, 15596-026) following the manufacturer’s
instructions. CDNAs were prepared from 1 pg total RNAs
using ExScript™ reagent kit (TAKARA, 6110A) according to
the manufacturer’s instructions. The primer sequences were as
follows: SCP2, 5" TCAGCAGTGG ACCAGGCATG TGTTG-
3’ (F) and 5" TGCTTCACTG GCCAAAATTG CTGCT-3’
(R); ACTB, 5-CGGGAAATCG TGCGTGAC-3" (F) and
5" TGGAAGGTGG ACAGCGAGG-3' (R). The PCR products
were analyzed by electrophoresis through 2% agarose gels and
visualized by SYBR Gold (Life Technologies, S-11494) staining.

Small RNA interference

ATGS5, BECNI, SCP2, and negative control (NC) siRNAs
were synthesized by Genephama. The sequences of siRNAs were
as follows: human A7G5 siRNA, sense: 5-GACGUUGGUA
ACUGACAAAT T-3' 5-UUUGUCAGUU

and antisense:

ACCAACGUCT T-3'; human BECNI siRNA, sense:
5-GGAGCCAUUU AUUGAAACUT T-3' and antisense:
5-AGUUUCAAUA AAUGGCUCCT T-3’; human SCP2

siRNA-a sense: 5'-GGAGGAAAGU GGGUCAUAAT T-3’ and
antisense: 5-UUAUGACCCA CUUUCCUCCT T-3'; human
SCP2 siRNA-b sense: 5'-GUGCUUCCUA ACUCAGAUAT
T-3" and antisense: 5'-UAUCUGAGUU AGGAAGCACT T-3".
U87 cells were transfected with siRNAs by using Lipofectamine
2000 11668027) according to the
manufacturer’s protocol.

reagent (Invitrogen,
Statistical data analysis
Comparisons between the 2 groups were performed by the
Student ¢ test. Statistical significance was defined as *P < 0.05;
**P < 0.01; ***P < 0.001.
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